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«w  Afl|1  A  AC  T  (CmOru*  ms  r«ra*««  aid*  it  nacMatff  and  Idanilfy  by  I)»<1  nuvMr) 

Measurements  of  peel  force  P  per  unit  width  are  reported  for  samples  of 

three  adhesive  tapes,  adhering  to  two  different  substrates.  In  all  case^,  ; 

f  : 

the  work  of  detachment  per  unit  area  of  bonded  interface  was  found  to  depend 

’  *'  ’  V 

upon  the  angle  of  detachment,  increasing  as  £  increases.  This  effect  is 
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attributed  to  dissipation  of  energy  in  bending  the  tape  away  from  the 


substrate  at  the  line  of  detachment,  to  a  greater  deqree  as  increases. 

'  t  * 

Extrapolation  to  e  =  0  is  suggested  as  a  simple  way  of  minimising  mntn- 
butions  to  the  observed  work  of  detachment  that  arise  from  bending  an 
imoerfectly-elastic  adhering  layer  as  it  is  peeled  away  from  a  flat  rigid 
substrate.  But  at  small  peel  angles  the  tape  tends  to  stretch  appreciably. 
Peeling  at  45  1 s  recommended  to  minimize  both  effects.  , 
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1  .  I ntroduct ion 


The  peel  test  is  commonly  used  to  determine  the  strenqt.  h 
of  an  adhesive  joint  (1-6).  Scientifically,  it  has  two 
distinct  advantages  compared  to  other  test  methods:  bond 
failure  proceeds  at  a  controlled  rate,  and  the  peel  force  is 
a  direct  measure  of  the  work  of  detachment  (7-10)  .  From  a 
practical  viewpoint,  the  peel  t*-st  is  valuable  because  it  is 
simple  to  carry  out  and  because  it  represents  a  mode  of 
failure  under  service  conditions,  e.g.,  for  adhesive  tapes. 
However,  variations  in  the  way  the  test  is  carried  out;  in 
particular,  variations  in  the  angle  _  at  which  the  adhering 
layer  is  detached,  have  been  found  to  give  quite  different 
values  for  the  work  of  detachment  (see  refs.  2  and  11,  for 
example,  and  t he  results  given  below). 

This  anomalous  behavior  has  been  attributed  to  changes 
m  the  distribution  of  tensile  stress  set  up  in  the  interface 
on  peeling  at  various  angles,  represented  by  an  angle- 
dependent  stress  factor  K  (il).  Alternatively,  it  has  been 
attributed  to  a  change  in  the  mode  of  failure,  from  primarily 
shear  failure  at  small  peel  angles  to  primarily  tensile 
failure  at  large  angles  (2).  Neither  of  these  explanations 
seem  fully  acceptable;  the  former  because  within  the  limita¬ 
tions  of  stress  analysis  the  factor  K  can  be  shown  to  be 
necessarily  close  to  unity  at  all  angles  of  peel  (12),  and 
the  latter  because  failure  of  soft  elastic  solids  under 
applied  shear  forces  is  commonly  found  to  take  place  by 
tensile  rupture,  under  the  action  of  the  major  tensile  stress 
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I  r.  urdri  t.  •  i  i  1  lu.sti  Jtc  the  possible  maqrutude  of  the 
■on  t  r  l  bu  t  l  on  trim  bend  i  nq  energy  losses  to  the  observed 
pee  1  lot  -e,  some  experimental  results  are  qiven  here  f o r  thru- 
•ormei  -i.il  adhesive  tapes  peeled  away  from  riqid  substrates 
it  various  juries.  An  extrapolation  procedure  is  the*n 
proposed  tor  determining  the  wou  t  detachment  in  the 

licence  ot  bend  i  nq  energy  1  o  s  s  e  s .  The  "Suits  a r o  a  1 s  o 
•ompat  ed  with  t  nose  detained  by  other  ::  thods,  which  :crre- 
spond  to  pee  1  i  nq  detachment  at  low  peel  anqles,  or  with  only- 
small  bendinq  strains  set  up  in  the  detachmq  strip. 

J  .  Theojj ■  t  icap  cons  iderat  ions 

I’  he  pa  “el  torce  P  per  unit  width  of  i  detaching  strip 
provides  a  continuous  measure  of  the  work  Ga  expended  in 
detachment  per  unit  of  bonded  area.  The  relation  between  P 
and  G  is  not  qeneral 1 y  a  simple  one,  however.  It  can  be 
derived  from  enorqy  cons  iderat ions ,  as  follows. 

Consider  qrowth  of  the  debond  by  a  distance  c  (Figure  1) 
The  distance  d  travelled  by  the  force  P  in  its  own  direction 
is  given  by 


from  geometrical  considerations,  Figure  1,  where  e  is  t!>- 
fractional  elongation  of  the  detached  strip  under  the  peel 
force  P  and  _  is  the  peel  angle.  Thus,  the  energy  b  lance 
become  s  (10): 

P(l+e-c:  /  =  (U+Ga)  12) 

where  U  denotes  the  energy  expended  per  unit  length  in 
stretching  the  strip  to  an  elongation  e.  (Note  that  it  has 
not  been  assumed  that  the  deformation  process  is  a  linear  or 
an  elastic  one  up  to  this  point.) 

We  now  make  the  simplifying  assumption  that  the  relation 
between  the  stretching  force  P  and  corresponding  extension  e 
is  a  1  inear  one,  with  a  slope,  i.e.,  tensile  stiffness  of 
the  adhering  layer,  of  K,  so  that 

U  =  PJ/2K.  (3) 

Equation  (2)  then  becomes: 

G ,  =  P  (  1  -  cos  )  +  (  P  ■*  /  2  K  )  (4) 

C* 

The  second  term,  denoted  Ga  hereafter,  on  the  right-hand 
side  of  equation  4  is  negligibly  small  when  e  1  -  cos  . 

In  the  experiments  described  below,carr led  out  with  three 
commercial  adhesive  tapes,  this  condition  was  satisfied  for 
values  of  peel  angle  _  of  45°  or  greater.  Thus,  for  rela¬ 
tively  inextensible  tapes  or  for  peel  angles  greater  than 
about  45°,  the  work  of  detachment  is  given  by 

G  =  P ( 1  -  cos  )  (5) 

d 

to  a  good  approximation.  If  the  work  Ga  of  detachment  is  a 


property  of  the  bond  and  independent  of  the  way  in  which 
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Thre-  commercial  adhesive  tipes  were  used  m  tne  experiments  ; 

A ,  a  vinyl-backed  -lectr  l  ."•a  1  tape  I  3M  Scotch  brand  No.  8  8),  B,  anctr.er 
similar  tape  I  3M  Scotch  brand  No.  35),  and  C,  a  window  mounting  t  ape  ! 

with  a  stiff  plastic  backing  I3M  Catalog  No.  2145).  Because  of  the 
different  elastic  moduli  of  the  materials  used  as  backings  tne 
three  tapes  had  quite  different  stiffnesses  K  in  tension:  about  * 

3.5  kN  m  for  tapes  A  and  B  and  about  85  kN/m  for  tape  C,  per  unit 
width  of  tape  (16) .  They  were  applied  to  two  flat  rigid  sub¬ 
strates;  a  glass  p'ote  and  a  Teflon  pla1  ;  and  peeled  off  about  ■ 

15  mm  later  at  various  angles  in  such  ;  way  that  the  line  of 
detachment  advanced  at  a  constant  rate  or  0.17  mm/s. 

\ 

In  order  to  reduce  the  amount  of  bending  at  the  line  of  ^ 

detachment  some  experiments  were  carried  ^ut  with  tape  C  as 
shown  schema t ica  1  ly  m  Figure  2,  the  tap*-  being  peeled  off  ! 

around  a  steel  roller  having  a  diameter  ;  12. 7  mm.  The  tape  I 

was  backed  with  a  strip  of  3M  Scotch  bra:  :  Magic  transparent 
tape,  Catalog  No.  119,  m  these  experimeics,  to  prevent  it 

adhering  to  the  roller.  The  additional  backing  layer  was  I 

* 

found  not  to  affect  the  peel  strength  of  tape  C,  in  other  ! 

experiments.  Weights  were  added  to  the  roller  in  order  to  ! 

pull  the  tape  into  conformity  with  it  at  the  line  of  detach-  j 

ment  from  the  substrate.  Values  of  the  work  of  detachment 
Ga  were  calculated  in  these  cases  from  the  relation:  [ 


I 


the  weight  of  the  roller  plus  any  added  weights.  In  no  case 
was  the  total  force  P  sufficiently  large  in  the  experiments 
with  a  roller  to  cause  a  significant  extension  of  the  tape. 

All  of  the  experiments  were  carried  out  at  ambient 
temperature,  about  24°C. 

4 .  Experimental  results 

Values  of  the  detachment  energy  Ga  for  tapes  B  and  C 
adhering  to  a  glass  substrate  are  plotted  against  the  peel 
angle  _  in  Figure  3.  They  are  seen  to  depend  strongly  upon 
the  peel  angle,  especially  at  large  angles,  rising  from 
about  70  J/m2  to  about  230  J/m2  for  tap"  R  and  from  about  240 
J/m2  to  about  700  J/m2  for  tape  C  as  the  peel  angle  was 
increased  from  small  values  to  180°.  Similar  results  were 
obtained  with  a  Teflon  substrate,  as  shown  in  Figure  4, 
although  the  values  of  Ga  were  much  smaller  in  this  case: 

40  -  140  J/m2  for  tape  A  and  35  -  90  J/m2  for  tape  C. 

Resuits  obtained  by  peeling  tape  C  away  from  a  glass 
substrate  around  a  rigid  roller  are  shown  in  Figure  5.  When 
the  total  weight  was  increased  from  the  small  weight  of  the 
roller  itself,  the  detachment  energy  was  found  to  decrease 
substantially,  tending  towards  an  asymptotic  value  of  about 
2^0  J/'rn2  at  large  added  weights,  i.e.,  when  the  tape  was 
forced  to  conform  to  the  gentle  curvature  of  the  roller  and 


the  degree  of  bending  was  minimized. 


Thus,  when  the  tape  was 


subjected  to  only  slight  bending  during  detachment,  either 
by  employing  small  peel  angles  or  by  peeling  around  a  roller, 
then  the  work  of  detachment  was  relatively  low.  When  the 
tape  underwent  severe  bending,  then  the  work  of  detachment 
was  high. 

A  quantitative  comparison  of  the  values  obtained  for 
Ga  under  various  test  conditions  is  given  in  Table  1.  In 
all  cases,  the  work  of  detachment  at  180°  was  found  to  be 
about  three  times  as  large  as  that  at  low  peel  angles.  When 
peeling  of  tape  C  was  carried  out  at  180°  around  a  roller, 
however,  then  the  work  of  detachment  was  reduced  to  the  same 
value  as  at  0°.  Thus,  the  degree  of  bending  imposed  on  the 
peeling  strip  is  a  major  factor  in  determining  the  magnitude 
of  the  work  of  detachment,  as  surmised  previously  (12,  15-17) 
It  is  responsible  for  large  changes  in  the  observed  value  as 
the  peel  angle  is  increased. 

In  order  to  remove  the  contribution  of  bending  energy 
losses  to  the  observed  peel  strength  it  seems  advisable  to 
adopt  one  of  two  measures.  Either  the  peel  angle  should  be 
chosen  to  be  relatively  small;  say,  45°;  or  peeling  should 
be  carried  out  using  a  roller  to  minimize  the  curvature  of 
the  peeled  strip.  This  latter  condition  is  not  easily 
achieved,  however,  because  the  local  curvature  at  the  line 
of  detachment  is  not  necessarily  equal  to  that  of  the  roller 
unless  the  tape  is  forced  to  conform.  And  when  large  forces 


are  applied  to  the  tape,  additional  work  'Ga  may  be  expended 
in  stretching  it,  equation  4,  and  must  be  taken  into  account. 


H 


Similarly,  at  small  peel  angles  the  peel  force  is  much 
greater,  equation  5,  and  additional  work.  Gd  must  again  be 
allowed  for.  A  suitable  compromise,  therefore,  is  to  employ 
a  reasonably  small  angle  of  peel,  45°,  and  to  monitor  the 
extension  of  the  peeled  strip  to  ensure  that  it  does  not 
exceed  , J-15  per  cent.  Under  these  circumstances,  the  work 
Ga  due  to  stretching  is  less  than  20  per  cent  of  the  total 
work  of  detachment.  Also,  work  expended  in  bending  the  strip 
appears  to  be  generally  small,  as  shown  in  Figures  3  and  4. 
Thus,  the  measured  work  is  almost  entirely  due  to  simple 
detachment  and  can  be  compared  directly  with  values  obtained 
using  other  test  methods  which  do  not  involve  significant 
bending  or  stretching  deformations  of  the  detached  material 
(16,  17).  Good  agreement  is  obtained  i:.  this  way,  Table  1. 

5 .  Conclusions 

In  order  to  determine  the  work  of  detachment  with  only 
minor  contributions  from  bending  energy  losses  in  the  detaching 
layer,  or  in  its  backing,  the  peel  angle  should  be  small.  But 
the  peeling  strip  will  tend  to  stretch  significantly  when  the 
angle  approaches  0°.  A  satisfactory  compromise  is  to  employ 
a  peel  angle  of  45°,  and  to  monitor  the  tensile  strain  set  up 
in  the  peeling  strip  to  ensure  that  it  does  not  exceed 
10  -  15  per  cent. 
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